is an essential and central component in Wnt signaling, and its stability and activity is tightly regulated. It has been shown that Dvl can be degraded via both the proteasome and autophagylysosome pathways. Here we report that receptor for activated C kinase 1 (RACK1) negatively regulates Dishevelled stability and Wnt signaling. RACK1 interacts with Dvl proteins and promotes their lysosomal degradation, and this effect is enhanced by autophagy induction. RACK1 also interacts with LC3 and enhances the association of LC3 with Dvl2, thereby leading to degradation of Dvl proteins through autophagy. These findings reveal a novel regulatory function of RACK1 in Wnt signaling by modulating Dvl stability.
Wnt proteins regulate embryonic development and tissue homeostasis, and deregulation of Wnt signaling is closely associated with a variety of human diseases such as cancer (1, 2) . In the canonical Wnt pathway, Wnt ligands initiate signal transduction through interacting with their cell surface receptors Frizzled and low-density lipoprotein receptor-related protein 5/6 (LRP5/6). The downstream mediator Dishevelled (Dvl) 4 is then recruited to Frizzled, and subsequent recruitment of Axin to LRP5/6 leads to disruption of the ␤-catenin destruction complex, which contains Axin, adenomatous polyposis coli, glycogen synthase kinase 3-␤ (GSK3␤), and casein kinase 1-␣ (CK1␣), and thus ␤-catenin accumulation. ␤-Catenin works together with T cell factor to regulate the expression of Wnt target genes in the nucleus. In addition, Wnt ligands can also transduce their signals via ␤-catenin-independent path-ways such as the planar cell polarity pathway and the Ca 2ϩ -dependent Wnt pathway (3, 4) .
Dvl proteins (Dvl1, 2, and 3) are a central component to relay Wnt signaling from the receptors to downstream effectors in both canonical and non-canonical Wnt pathways, and their activity and stability are tightly controlled (5) . Dvl proteins can be degraded through either the proteasomal or the autophagosome-lysosomal pathways. Several E3 ubiquitin ligases have been identified to target Dvl proteins for proteasomal degradation, such as KLHL12-Cullin-3 (6) , NEDL1 (7) , Itchy (8) , and NEDD4L (9) . We have also demonstrated that Dvl proteins can be degraded via autophagy after ubiquitinated by von Hippel-Lindau tumor suppressor (pVHL) (10) . Dapper1, a Dvl-binding protein, acts as a scaffold protein to enhance the interaction between pVHL and Dvl and facilitates autophagic degradation of Dvl proteins (11, 12) .
Receptor for activated C kinase 1 (RACK1) is a scaffold protein with seven WD40 domains that mediate protein-protein interactions (13, 14) . Via associating with PKC, Src, and other proteins, RACK1 regulates several cellular signaling pathways (13, 14) . In particular, RACK1 has been reported to promote Wnt/planar cell polarity signaling by interacting with van Gogh-like 2 (Vangl2) or tyrosine-protein kinase-like 7 (PTK7) while inhibiting canonical Wnt signaling by stabilizing the ␤-catenin destruction complex in gastric cancer cells (15) (16) (17) .
In this study, we showed that RACK1 promoted Dvl degradation by enhancing the Dvl-LC3 interaction and thereby Dvl recruitment to the autophagosome. Together with the previous reports, this shows that RACK1 can modulate Wnt signaling via various mechanisms.
Experimental Procedures
Cell Culture and Transfection-Human HEK293T cells and normal rat kidney (NRK) cells were cultured in DMEM supplemented with 10% FBS (Hyclone) at 37°C in a humidified 5% CO 2 incubator. Transfection was accomplished with Lipofectamine 2000 (Invitrogen) or VigoFect (Vigorous Biotechnology, Beijing, China), following the instructions of the manufacturers.
Constructs-The complete coding sequence of RACK1 was amplified and cloned from human cDNA and inserted into pcDNA3.1(ϩ) or pCMV5 with a FLAG tag, HA tag, or Myc tag at the 5Ј terminus to make the constructs expressing FLAG-RACK1, HA-RACK1, and Myc-RACK. RACK1 with an LC3-interacting region mutation was generated by PCR-based mutagenesis as described previously (18) . Constructs expressing shRNA targeting human RACK1 were purchased from Sigma, and lentivirus-mediated RNA interference was performed following the manual. Other plasmids have been described previously (10 -12, 19) .
Antibodies and Reagents-Anti-FLAG (M2) antibody was purchased from Sigma, anti-RACK1 from BD Biosciences, anti-Dvl2 from Cell Signaling Technology, anti-p62 and anti-LC3 from MBL, and other antibodies were from Santa Cruz Biotechnology. MG132 was purchased from Selleck, cycloheximide from Inalco, and other chemicals from Sigma.
Reporter Assay-The Topflash luciferase reporter was reported previously (20) , and the reporter assay was conducted following the protocol described previously (21) . HEK293T cells cultured in a 48-well plate were transfected with Renilla, Topflash, and other indicated plasmids for 24 h, and then the cells were treated with Wnt3a conditioned medium or rapamycin for the indicated time. The cells in each well were lysed in 100 l of passive lysate buffer, and 20 l of lysate was loaded into a 96-well white plate for measurement of luciferase and Renilla activity using a luciferase assay system (Promega). Reporter assays were conducted with three biological repeats, and the luciferase activity is presented as means Ϯ S.D. after normalizing to Renilla activity. Statistical analysis was performed with two-tailed unpaired Student's t test, and p Ͻ 0.05 was considered statistically significant.
Immunoprecipitation, Immunoblotting, Immunofluorescence, and Statistical Analysis-These proceeded as described previously (18) . Immunofluorescence images were captured by laser-scanning microscope (FV1200, Olympus), and analyzed by FluoView (v. 4.1) and ImageJ (22) . Briefly, HEK293T cells cultured in a 12-well plate were lysed in 100 l of TNE buffer (50 mM Tris, 0.5% Nonidet P-40, 1 mM EDTA, 150 mM NaCl, pH 7.5), and 10 l of lysate was used. Cells in a 6-well plate or 10-cm dish were harvested and lysed with 200 l to 1 ml TNE buffer for exogenous or endogenous immunoprecipitation, respectively. Total cell lysates (20 l) or precipitated samples were separated on SDS-PAGE gels and then transferred to nitrocellulose membranes (Pall). The membranes were incubated with primary antibodies at 4°C overnight and then incubated with secondary antibodies at room temperature for 1 h. The specific proteins were detected using a chemiluminescence immunoblotting kit (Millipore). The immunoblotting film was scanned and quantified by ImageJ. Three independent experiments were used for quantification analyses. Two-tailed FIGURE 1. RACK1 attenuates Dvl-mediated Wnt signaling. A, after transfection with Topflash luciferase with or without Myc-RACK1 for 24 h, HEK293T cells were treated with control medium or Wnt3a conditioned medium (CM) overnight, and then luciferase activity was measured. The pRL-TK Renilla reporter was co-transfected to normalize transfection efficiency. Myc-RACK1 was transfected with gradients of 50 or 100 ng. B, HEK293T cells were transfected with Topflash luciferase, Myc-RACK1, and FLAG-Dvl2 as indicated for 24 h and harvested for luciferase activity determination. C, HEK293T cells were transfected with or without Myc-RACK1. After 24 h, the cells were treated with Wnt3a CM for 6 h and then harvested for immunoblotting. Tubulin served as a loading control. D, HEK293T cells were transfected with Topflash luciferase (Luc) for 24 h after being infected by a lentivirus expressing nonspecific or RACK1 shRNA. Cells were then treated with control (Con) medium or Wnt3a CM overnight, and then luciferase activity was measured. The pRL-TK Renilla reporter was co-transfected to normalize transfection efficiency. E, HEK293T cells were infected by a lentivirus expressing nonspecific or RACK1 shRNA. After 48 h, the cells were treated with Wnt3a CM for 6 h and then harvested for IB. The protein levels of ␤-catenin were quantified and normalized against tubulin, and the values are shown below the bands. All reporter assays were performed in triplicate, and the data are represented as mean Ϯ S.D. after being normalized against Renilla activity. Statistical analysis was performed with two-tailed unpaired Student's t test (**, p Ͻ 0.01).
unpaired Student's t test was performed, and p Ͻ 0.05 was considered statistically significant. All experiments were independently repeated three times, and a representative one is shown.
Results

RACK1 Inhibits Dvl-mediated Wnt
Signaling-An early study reported that RACK1 could inhibit Wnt/␤-catenin signaling by promoting the interaction between GSK3␤ and ␤-catenin and thus ␤-catenin degradation (17) . We confirmed the inhibitory effect of RACK1 on Wnt signaling. The Topflash luciferase reporter, which contains three T cell factor response elements (CCTTTGATC) upstream of a c-fos promoter (20) , is widely used as a transcriptional reporter for Wnt/␤-catenin signaling. We observed that RACK1 attenuated Wnt-induced or Dvl2-induced Topflash activity (Fig. 1, A and B) , which acts upstream of GSK3␤ and ␤-catenin. In agreement with this, overexpression of RACK1 led to a decrease in ␤-catenin level regardless of the presence of Wnt3a (Fig. 1C) . These results were supported by RACK1 knockdown experiments. Depletion of RACK1 up-regulated the Wnt3a-stimulated reporter ( Fig.  1D ) and resulted in the accumulation of ␤-catenin ( Fig. 1E ). These data together suggest that RACK1 could negatively regulate Wnt signaling at the Dvl level.
RACK1 Accelerates Dvl Degradation-The data in Fig. 1 , C and D, also indicate that RACK1 could induce Dvl2 degradation. To further assess this issue, we coexpressed RACK1 with Dvl2 in HEK293T cells. As shown in Fig. 2A , RACK1 overexpression decreased the protein level of Dvl2 in a dose-dependent manner. Furthermore, RACK1 could also reduce the protein levels of Dvl1 and Dvl3 (Fig. 2, B and C). Consistent with these data, RACK1 knockdown led to an increase in the protein level of Dvl2 and Dvl3 (Fig. 2D ). It has been reported that RACK1 can bind to ribosomes and affect mRNA translation and protein synthesis (23) . To exclude the effect of RACK1 in Dvl protein synthesis, the cells were treated with cycloheximide to block translation. The result showed that RACK1 knockdown stabilized Dvl2 protein and prolonged the half-life of Dvl2 ( Fig. 2E ).
RACK1 Interacts with Dvl2-To investigate how RACK1 promotes Dvl2 degradation, we examined whether RACK1 and Dvl2 could interact with each other. An immunoprecipitation experiment revealed an interaction between RACK1 and Dvl2 when they were exogenously expressed in HEK293T cells (Fig.  3A ). RACK1 also associated with Dvl1 and Dvl3 when they were overexpressed (Fig. 3B ). The interaction between RACK1 and Dvl2 or Dvl3 was also detected at the endogenous level ( Fig. 3 , C and D). The two proteins were colocalized in the cytoplasm, as revealed by immunofluorescence ( Fig. 3E ).
Dvl proteins have three important and conserved domains (DEP domain, PDZ domain, and DIX domain) that mediate their aggregation or interactions with other proteins (5) . To map the domains mediating the interaction between RACK1 and Dvl2, the truncation mutants of Dvl2 were coexpressed with RACK1. Although RACK1 interacted with both the PDZ domain and DEP domain ( Fig. 3F) , deletion of the PDZ domain abolished the binding of Dvl2 to RACK1 (Fig. 3G) , indicating that the interaction between RACK1 and Dvl2 is mainly mediated by the PDZ domain of Dvl2.
RACK1 Facilitates Dvl Degradation via the Autophagy-Lysosome Pathway-Dvl proteins have been shown to be degraded through either the proteasome or lysosome. To delineate FIGURE 2. RACK1 promotes Dvl degradation. A-C, HEK293T cells were transfected with FLAG-Dvl1, Dvl2, or Dvl3 and Myc-RACK1 after 24 h and then harvested for immunoblotting. Myc-RACK1 was transfected with concentration gradients of 0.25, 0.5, and 1.0 g each. GFP was co-transfected as a transfection control. The protein levels of FLAG-Dvl1, Dvl2, and Dvl3 were quantified and normalized against tubulin, and the values are shown below the bands. D, HEK293T cells were infected by a lentivirus expressing nonspecific (NS) or RACK1 shRNA for 48 h and harvested for immunoblotting. Three independent experiments were conducted for quantification analyses. The protein levels of Dvl2, Dvl3, and RACK1 were normalized against tubulin, and the data are represented as mean Ϯ S.D. in the right panel. Two-tailed unpaired t test was used in statistical analyses (*, p Ͻ 0.05). E, HEK293T cells infected by a lentivirus expressing nonspecific or RACK1 shRNA were treated with cycloheximide (CHX, 20 g/ml) for the indicated time. Three independent experiments were conducted for quantification analyses. The protein levels of Dvl2 were normalized against tubulin, and the data are represented as mean Ϯ S.D. in the right panel.
which pathway is responsible for RACK1-mediated Dvl degradation, cells transfected with RACK1 and Dvl2 were treated with the proteasome inhibitor MG132 or the lysosome inhibitor bafilomycin A1 (BFA1). As shown in Fig. 4A , RACK1-facilitated degradation of Dvl2 was attenuated by BFA1 but not MG132, suggesting that RACK1 promotes Dvl2 degradation through the lysosome pathway. In fact, MG132 accelerated RACK1-induced Dvl degradation, which is in agreement with reports showing that this chemical can promote autophagy (24, 25) .
We have reported that Dvl proteins can degrade via starvation-induced autophagy (10) . To address whether RACK1 promotes Dvl degradation through autophagy, HEK293T cells transfected with RACK1 and Dvl2 were deprived of nutrients by being treated with Hanks' balanced salt solution (HBSS) to induce autophagy. As shown in Fig. 4B , either RACK1 coexpression or HBSS treatment reduced the Dvl2 protein level, and both together had the most dramatic effect. The autophagic degradation of Dvl2 was also confirmed with the target of rapamycin (mTOR) inhibitor rapamycin, which can trigger autophagy (26) (Fig. 4C ). RACK1 overexpression also accelerated the turnover of endogenous Dvl2 (Fig. 4D ). RACK1 overexpression or nutrient starvation decreased the endogenous protein level of both Dvl2 and Dvl3, and both together showed the most remarkable effect (Fig. 4E) . The promoting effect of RACK1 on Dvl degradation was also supported by loss-of-function experiments showing that RACK1 knockdown led to a higher level of endogenous Dvl2 and Dvl3 proteins both under nutrition-rich and starvation conditions (Fig. 4F) .
RACK1 Interacts with LC3-It was reported that loss of RACK1 resulted in attenuated autophagy and glycogen store in Drosophila, and RACK1 was partially colocalized with the Drosophila LC3 homolog Atg8 (27) . We observed that RACK1 interacted with LC3 with endogenous or exogenously FIGURE 3. RACK1 interacts with Dvl proteins. A, HEK293T cells were harvested 24 h after being transfected with FLAG-Dvl2 and Myc-RACK1 for anti-FLAG IP followed by IB. The total cell lysates were analyzed by IB with anti-FLAG and anti-Myc antibodies. B, HEK293T cells were harvested 24 h after transfected with FLAG-Dvl1/Dvl2/Dvl3 and HA-RACK1. C and D, HEK293T cells were harvested for IP with anti-Dvl2/Dvl3 antibodies or anti-IgG serum as a control. E, NRK cells were fixed and stained with the indicated antibodies for immunofluorescence. DAPI stained the nucleus. Scale bars ϭ 10 m. F and G, HEK293T cells were transfected with HA/Myc-RACK1 and truncated Dvl2 fragments. After 24 h, the cells were harvested for anti-HA/FLAG IP followed by IB. The protein levels of precipitated proteins were quantified and normalized against their corresponding total proteins levels, and the values are shown below the bands. All the experiments were independently repeated three times, and a representative one is shown.
expressed proteins (Fig. 5, A and B) and that nutrient deprivation enhanced this interaction.
Domain mapping experiments showed that the N-terminal region containing the #1-3 WD40 domain of RACK1 had a weak binding ability with LC3 (Fig. 5C ). The C-terminal region containing the #4 -7 WD40 domain retained full interaction, as wild-type RACK1, whereas deletion of the #4 WD40 domain eliminated the interaction with LC3. These results suggest that RACK1 interacts with LC3 mainly through its #3 and #4 WD40 domains. It has been reported that LC3 recognizes the LC3interacting region (LIR) motif in its binding proteins, which is a four-amino acid sequence (WXXL, where X represents any amino acid) (28) . Two LIR motifs were found in human RACK1: one in the #3 WD40 domain (W 132 NTL 135 ) and the other in the #4 WD40 domain (W 170 DKL 173 ) (Fig. 5D ). To investigate the significance of these LIR motifs, we generated mutant RACK1(LM1) with (W132A, L135A) and RACK1 (LM2) with (W170A, L173A). Immunoprecipitation analysis revealed that RACK1(LM2) lost its binding ability to LC3, and RACK1(LM1) also exhibited a weak binding to LC3 (Fig. 5E ), indicating that both LIR motifs are important to mediate the interaction between RACK1 and LC3. Nutrition starvation induces autophagosome formation, which can be shown by the formation of LC3 puncta (29, 30) . The immunofluorescence results showed that RACK1 and LC3 were seldom colocalized under nutrition-rich conditions but colocalized under starvation conditions (Fig. 5F ), suggesting that RACK1 associates with LC3 in autophagosomes. and Myc-RACK1. After 24 h, they were starved in HBSS for 6 h before being harvested for immunoblotting. Three independent experiments were conducted for quantification analyses. The protein levels of FLAG-Dvl2 were quantified and normalized against tubulin, and the data are represented as mean Ϯ S.D. in the right panel. Two-tailed unpaired t test was used in statistical analyses (*, p Ͻ 0.05). Con, control. C, HEK293T cells were transfected with Myc-RACK1 and FLAG-Dvl2. After 24 h, the cells were treated with rapamycin (Rap, 2 mM) for 6 h before being harvested for immunoblotting. The protein levels of FLAG-Dvl2 were quantified and normalized against tubulin, and the values are shown below the bands. D, HEK293T cells were transfected with Myc-RACK1. After 24 h, the cells were starved in HBSS for the indicated times before being harvested for immunoblotting. Three independent experiments were conducted for quantification analyses. The protein levels of Dvl2 were quantified and normalized against tubulin, and the data are represented as mean Ϯ S.D. in the right panel. E, HEK293T cells were transfected with Myc-RACK1. After 24 h, they were starved in HBSS for 6 h before being harvested for immunoblotting. Three independent experiments were conducted for quantification analyses. The protein levels of Dvl2 and Dvl3 were quantified and normalized against tubulin, and the data are represented as mean Ϯ S.D. in the right panel. Two-tailed unpaired t test was used in statistical analyses (*, p Ͻ 0.05 ; **, p Ͻ 0.01). F, HEK293T cells were infected by a lentivirus expressing nonspecific or RACK1 shRNA. After 48 h, cells were starved in HBSS for 6 h before being harvested for immunoblotting. p62 served as an autophagy marker. Three independent experiments were conducted for quantification analyses. The protein levels of Dvl2, Dvl3, and RACK1 were quantified and normalized against tubulin, and the data are represented as mean Ϯ S.D. in the right panel. Two-tailed unpaired t test was used in statistical analyses (*, p Ͻ 0.05). JUNE 10, 2016 • VOLUME 291 • NUMBER 24
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RACK1 Enhances the Recruitment of Dvl to Autophagosomes via LC3-The above data showing that RACK1 could bind to both Dvl and LC3 prompted us to ask whether RACK1 could enhance the interaction between Dvl and LC3 and thus promote Dvl recruitment to autophagosomes. Because the LIR motifs of RACK1 are critical for the LC3 interaction, we examined whether this motif was important for RACK1 to mediate Dvl degradation. Indeed, the RACK1(LM1) mutant was less efficient to induce Dvl2 degradation, and RACK1(LM2) lost the ability to promote Dvl2 degradation (Fig. 6A) , indicating that RACK1-induced Dvl degradation depends on the association between RACK1 and LC3. In accordance with the above data, RACK1 knockdown dramatically reduced the endogenous interaction between LC3 and Dvl2 (Fig. 6B) , and overexpressed RACK1 enhanced the interaction between Dvl2 and LC3 upon starvation, although it had no obvious effect under nutrientrich condition (Fig. 6C) . The immunofluorescence experiment also revealed the colocalization of RACK1, Dvl, and LC3 upon starvation (Fig. 6D) . These results together indicate that RACK1 facilitates the recruitment of Dvl to LC3-positive autophagosomes by increasing the Dvl-LC3 interaction.
Finally, we assessed the effect of RACK1 on autophagy-mediated inhibition of Wnt/␤-catenin signaling. Consistent with our early report (10), rapamycin attenuated Wnt signaling, as shown in both Topflash reporter activity (Fig. 6E) and ␤catenin accumulation (Fig. 6F) , and RACK1 knockdown atten-FIGURE 5. RACK1 associates with LC3. A, HEK293T cells were starved in HBSS before being harvested for anti-LC3 immunoprecipitation followed by immunoblotting. BFA1 was added to HBSS to block LC3 degradation in starvation-induced autophagy. The total cell lysates were analyzed by IB. The protein levels of precipitated RACK1 were quantified and normalized against precipitated LC3, and the values are shown below the bands. B, HEK293T cells were transfected with Myc-LC3 and HA-RACK1 for 24 h before being harvested for IP followed by IB. The total cell lysates were also analyzed by IB. C, HEK293T cells were transfected with Myc-LC3 and HA-tagged wild-type or truncated RACK1 mutants. After 24 h, cells were harvested for IP-IB analysis. The total cell lysates were also analyzed by IB. The protein levels of precipitated Myc-LC3 were quantified and normalized to the corresponding total Myc-LC3 fragments, and the values are shown below the bands. FL, full-length. D, the amino acid sequences of RACK1 of human (P63244), mouse (P68040), frog (Q5U275), zebrafish (O42248), fruit fly (B4NZ46), Arabidopsis (O24456 and Q9LV28), and budding yeast (P38011) were aligned by ClustalX. The conserved LIR motif is boxed. E, the WXXL sequence of LIRs in human RACK1 was mutated to AXXA to generate HA-RACK1(LM1) and RACK1(LM2) mutants. HEK293T cells were transfected with Myc-LC3 and HA-RACK1/HA-RACK1(LM1/2). After 24 h, cells were harvested for IP and IB analyses. The protein levels of precipitated Myc-LC3 were quantified and normalized to total Myc-LC3, and the values are shown below the bands. F, NRK cells stably expressing CFP-LC3 were starved in HBSS for 2 h and then subjected to anti-RACK1 immunofluorescence. The CFP-LC3 puncta in each cell (n ϭ 10 cells from three different slides) were counted, and the number of puncta per cell is represented as the mean Ϯ S.D. in the right panel. Two-tailed unpaired Student's t test was used in statistical analyses (**, p Ͻ 0.01). Scale bars ϭ 10 m. FIGURE 6. RACK1 enhances the recruitment of Dvl to autophagosome via LC3. A, HEK293T cells were transfected with FLAG-Dvl2 and HA-RACK1 or HA-RACK1 (LM1/2), and cells were then harvested for IB. Tubulin served as a loading control. The protein levels of FLAG-Dvl2 were quantified and normalized against tubulin, and the values are shown below the bands. B, HEK293T cells were infected by a lentivirus expressing nonspecific or RACK1 shRNA. After 48 h, cells were treated with BFA1 (0.2 M) for 12 h and then treated within HBSS plus BFA1 for another 2 h. Then cell lysates were subjected to IP-IB analysis, and the total cell lysates were analyzed by IB. The protein levels of precipitated Dvl2 were quantified and normalized against precipitated LC3, and the values are shown below the bands. C, HEK293T cells were transfected with FLAG-Dvl2, Myc-LC3, and HA-RACK1 for 24 h and then starved in HBSS for another 2 h. BFA1 (0.2 M) was added to HBSS for preventing Dvl2 degradation. Then cell lysates were subjected to IP-IB analysis, and the total cell lysates were analyzed by IB. The precipitated Myc-LC3 was quantified and normalized against precipitated FLAG-Dvl2, and the values are shown below the bands. D, NRK cells stably expressing CFP-LC3 were treated with HBSS containing 0.2 M BFA1 for 2 h and then fixed and stained with anti-Dvl and anti-RACK1 antibodies for immunofluorescence. The CFP-LC3 puncta in each cell (n ϭ 10 cells from three different slides) were counted, and the number of puncta per cell is represented as the mean Ϯ S.D. in the right panel. Two-tailed unpaired Student's t test was used in statistical analyses (**, p Ͻ 0.01). Scale bars ϭ 10 m. E, the experiment was conducted similarly as in Fig. 1D , and rapamycin (Rap, 2 M) was added to induce autophagy. Luc, luciferase. F, HEK293T cells were infected by a lentivirus expressing nonspecific or RACK1 shRNA. After 48 h, the cells were treated with Wnt3a CM and/or rapamycin (2 M) for 6 h and then harvested for IB. p62 was used as an autophagy marker. The protein levels of ␤-catenin were quantified and normalized to tubulin, and the values are shown below the bands.
uated the inhibitory effect of rapamycin-induced autophagy on Wnt signaling.
Discussion
As a critical mediator of Wnt signaling, the activity and stability of Dvl are strictly regulated. Dvl proteins can undergo degradation via either the proteasome or the autophagy-lysosome pathway (5, 8 -10, 31) . We have shown that Dvl recruitment to autophagosomes could be facilitated by Dapper1 (12, 19) . In this study, we identified RACK1 as a novel regulator to control Dvl stability by enhancing the interaction between Dvl and LC3 and thus enhancing their autophagic degradation.
RACK1 may act as a negative regulator of Wnt signaling via multiple mechanisms. It has been reported RACK1 stabilizes the ␤-catenin disruption complex and attenuates Wnt signaling in gastric tumors (17) . RACK1 can associate with GSK3␤ and Axin and strengthen the interaction of GSK3␤ and ␤-catenin, therefore accelerating ␤-catenin degradation via the proteasome pathway (17) . Our results demonstrate that RACK1 could also accelerate Dvl turnover and thereby prevent ␤-catenin accumulation. We observed that RACK1 could interact with both Dvl and LC3 and promote Dvl recruitment to the autophagosome and its degradation in the lysosome. Interestingly, RACK1 can interact with pVHL (32) and Dapper1 (data not shown), both of which facilitate Dvl recruitment to autophagosome via ubiquitination or protein-protein interaction (10, 12) . It remains unclear at this moment whether RACK1 has any functional interactions with pVHL or Dapper in promoting Dvl degradation. Nonetheless, identification of multiple RACK1interacting proteins in the Wnt pathway is consistent with its role as a multifaceted scaffold protein (14) .
RACK1 has been implicated in regulating autophagy. Nutrient deprivation induced RACK1 expression, and loss of RACK1 attenuated starvation-induced autophagy in Drosophila, suggesting that RACK1 is a critical regulator of autophagy in response to starvation (27) . Moreover, a recent study indicated that RACK1 could positively regulate autophagy by promoting formation of the Atg14L-Beclin 1-Vps34-Vps15 complex upon phosphorylation by 5Ј-adenosine monophosphate-activated protein kinase (AMPK) in the liver (33) . In accordance with these observations, our results demonstrate the function of RACK1 in autophagy by facilitating substrate recruitment into the autophagosome. RACK1 binds to LC3 through the conserved LIR motif, which exists in autophagy adaptors and many other LC3-interacting proteins (34) . Because RACK1 is an evolutionally conserved protein from yeast to human, and this LIR motif is also conserved in RACK1 from different species, its function in regulating autophagy could be evolutionally conserved.
The function of RACK1 in tumorigenesis and metastasis is complex because of the various proteins with which it interacts and the multiple signaling pathways in which it is involved. RACK1 expression varies in different cancer types (13) . It is up-regulated in most cancer types, such as hepatocellular carcinoma (35, 36) , non-small-cell lung cancer (37) , and glioma (38) , but decreased in gastric cancer (17) . Deregulation of Wnt signaling has been observed in multiple tumors, especially in colon cancer, and we have reported that Dvl expres-sion is negatively correlated with autophagy in the late stage of colon cancer development (10) . Interestingly, RACK1 can inhibit colon cancer cell growth (39, 40) and might induce cell apoptosis (41, 42) . Whether autophagic degradation of Dvl mediated by RACK1 is also involved in this process needs further investigation. Therefore, aberrant autophagymediated degradation of Dvl proteins may contribute to cancer development in some tissues. However, the pathophysiological role of RACK1-mediated Dvl degradation needs future clarification.
